Fat metabolism has been linked to fertility and reproductive adaptation in animals and humans, and environmental sex determination potentially plays a role in the process. To investigate the impact of fatty acids (FA) on sex determination and reproductive development, we examined and observed an impact of FA synthesis and mobilization by lipolysis in somatic tissues on oocyte fate in Caenorhabditis elegans. The subsequent genetic analysis identified ACS-4, an acyl-CoA synthetase and its FA-CoA product, as key germline factors that mediate the role of FA in promoting oocyte fate through protein myristoylation. Further tests indicated that ACS-4-dependent protein myristoylation perceives and translates the FA level into regulatory cues that modulate the activities of MPK-1/MAPK and key factors in the germline sex-determination pathway. These findings, including a similar role of ACS-4 in a male/ female species, uncover a likely conserved mechanism by which FA, an environmental factor, regulates sex determination and reproductive development.
INTRODUCTION
Reproductive development is critically regulated by sex determination that is controlled by karyotype. Sex determination has been shown in various animals to also be regulated by environmental cues, such as temperature and food availability, to maximize reproductive fitness under specific conditions (Crews and Bull, 2009; Marín and Baker, 1998) . However, the role of specific nutrients such as fatty acids (FAs) in environmental sex determination (ESD) has not been explored, and the molecular mechanisms underlying ESD remain to be understood.
Fat storage, a reflection of food availability over a period of time and a flexible resource of necessary nutrients for reproduction, has been regarded as a reproductive adaption (Ballinger, 1977; Bronson, 1989; Reznick and Braun, 1987) . The interaction between fat metabolism/energy balance and reproductive development has been extensively studied in human and various animal models (Burt Solorzano and McCartney, 2010; Della Torre et al., 2014; Hansen et al., 2013) . However, the specific cellular processes and molecular mechanisms underlying the regulation of fat metabolism on reproductive development remain to be explored.
Although C. elegans hermaphrodites make both oocytes and sperm, the differentiation of germ cells is partitioned, functioning as only ''male'' or ''female'' at a given time. At the third larval stage (L3), the germ cells transiently commit to spermatogenesis and then switch to oogenesis in L4 for the rest of the life ( Ellis and Schedl, 2007) . Therefore, from L4 until reproductive senescence, the germline sex-determination pathway promotes oocyte fate. The key regulators controlling sex determination have been well characterized (Ellis and Schedl, 2007; Meyer, 2005 ) (see Figure S1A for the prevailing model). Influences of environmental cues on C. elegans sex determination have been previously reported (Doniach, 1986; Hodgkin, 2002) . Therefore, C. elegans presents an excellent model to study the impact of fat metabolism on sex determination and reproductive development. Given the known impact of fat on reproductivity in various animals mentioned above, we hypothesized that a signaling mechanism perceives and interprets lipid cues to regulate the germ cell fate.
RESULTS

Somatic Fatty Acid Metabolism Is Critically Involved in the Impact of Food Availability on Germ Cell Fate
We set out to investigate whether FA metabolism impacts the specification of germ cell fate. Since domesticated wild-type C. elegans strains are less sensitive to environmental changes (Fé lix and Braendle, 2010; McGrath et al., 2011) , we analyzed a tra-2 mutant that is likely more sensitive to nutrient availability regarding germ cell fate choice. tra-2, encoding a membranebound receptor, acts in the germline sex-determination pathway to promote oocyte fate ( Figure S1A ). In wild-type males, tra-2 activity is inhibited to repress oocyte fate. A gain-of-function (gf) mutation, e2020, elevates tra-2 activity, but the increase is not sufficient to cause males to generate oocytes under wellfed condition (Doniach, 1986) (Figure S1A ). This elevation is expected to render tra-2(gf) males more sensitive to environmental influences that promote the oocyte fate, which is supported by the previous report that tra-2(gf) males that experienced starvation and were then re-fed produced oocytes (Doniach, 1986) . Starvation and then re-feeding presents a condition that induces global changes in gene expression in response to the dramatic changes in food availability (Maxwell et al., 2012) . FA levels are reduced in starvation condition (Van Gilst et al., 2005) , and FA levels are likely increased in response to re-feeding. To investigate the role of FA metabolism in oogenesis in tra-2(gf) males induced by starvation and then re-feeding, we first analyzed the FA metabolic status in these oocyte-producing tra-2(gf) males. We observed that the levels of multiple FAs were prominently increased (Figures 1H and S1B) , and the increase was at least partly due to increased intestinal fat (Figures S1C-S1E). These results suggest that there is fat metabolism reprograming in these starvation-experienced animals. We then found that RNAi knockdown of FA synthesis genes, fasn-1 (Lee et al., 2010) or pod-2 (Rappleye et al., 2003) , suppressed oogenesis in tra-2(e2020) males re-fed after starvation ). This suppression is likely achieved by preventing the spermatogenesis-to-oogenesis switch since sperm were continuously made in these males and oocytes were still present in tra-2(gf) hermaphrodites (Table S1 ). These results suggest that high FA levels promote oocyte fate after recovery from starvation.
In addition to biosynthesis, FAs can also be released (mobilized) from fat by lipolysis, through the activity of lipases (Zimmermann et al., 2004) . We investigated the role of lipolysis in germ cell fate in the tra-2(e2020) animals by knocking down several putative lipases (O' Rourke and Ruvkun, 2013) . We found that RNAi of lipl-2, lipl-5, or lipl-6 could suppress oogenesis in more than 50% of the tra-2(e2020) males recovered after starvation (Figures 1D-1G ; Table S1 ). This result suggests that release of FAs from fat is required for oocyte-fate change promoted by starvation experience. Further analysis from tissue-specific RNAi suggests that the synthesis and mobilization of FA in the intestine, but not the germline, affect the germ cell fate (Table S1) , consistent with the increased fat in the intestine (Figures S1C-S1E). Therefore, the level of free FA in the somatic tissue critically regulates germ cell fate.
Germline Expressed ACS-4 Acyl-CoA Synthetase and Its FA-CoA Product Mediate the Impact of FA on Germ Cell Fate A free FA must be esterified to coenzyme A by an acyl-CoA synthetase (ACS) to form the activated intermediate fatty acyl-CoA (FA-CoA) (Ellis et al., 2010) (Figure 2A ). Activity of a given ACS may also be coupled with subsequent enzymatic reactions that channel FAs to specific metabolic fates (Kniazeva et al., 2012) . (A-F) DIC images of spermatogenesis/oogenesis phenotypes in tra-2(e2020, gf) young-adult males (XO) re-fed after starvation with indicated RNAi treatment (soaking). ''*'' and ''L'' indicate distal end and the loop of the germline, respectively. Scale bars, 15 mm. Oocytes were found in tra-2(e2020) males recovered after starvation (A). RNAi of FA synthesis (B-C) or lipase genes (D-F) suppressed oogenesis in tra-2(e2020) males re-fed after starvation. (G) Quantification of the phenotypes presented in (A-F). lipl-6(RNAi), n = 22; all others, n > 40. (H) Fold change of FAs between the two samples, as determined by gas chromatography. FAs were extracted from 125 males for each of two biological replicates. Error bar, SD. p value is from t test. -4(lf) blocks adoption of oocyte fate in tra-2(gf) males re-fed after starvation. 91% (n = 75) of tra-2(e2020) XO males and 0% (n = 56) of acs-4(lf);tra-2(e2020) males made oocytes. (C) Microscopic images and bar graphs showing that acs-4(lf) homozygous hermaphrodites failed to switch from spermatogenesis (arrested as spermatocytes) to oogenesis, as indicated by morphology and three markers. Only the spermatocyte/sperm-specific marker (spe-11p::mCherry::histone [Merritt et al., 2008] , 99%, n = 389), but not the oocyte-specific markers (RME-2::GFP [ Grant and Hirsh, 1999] , 0.7%, n = 301; LIN-41::GFP [Spike et al., 2014] , 11.9%, n = 239), was observed in acs-4(lf) homozygous adult hermaphrodites. (D-F) DAPI-staining and bar graphs showing excess spermatogenesis in acs-4(lf) and acs-4(germline-RNAi) animals. In (E), 21.3% of acs-4(germline-RNAi) germlines phenocopied the acs-4(lf) mutant phenotype, continuously producing only spermatocytes (n = 239), and another 58.2% also displayed masculinization of the germline, making sperm and spermatocytes but no oocytes (Figures S2L and S2M) . In (F) , significant increase of spermatocyte number were observed in acs-4(lf) (mean = 74, n = 12, p < 0.001) and acs-4(germline-RNAi) (mean = 75, n = 8, p = 0.0013) animals showing only arrested spermatocytes when compared to the wild-type control (mean = 38, n = 10). (G) Microscopic images and bar graph showing expression and rescue of oogenesis by an integrated acs-4(+) transgene driven by the germline-specific pie-1 promoter (kuIs105[pie-1p::acs-4::gfp::acs-4 3
0 UTR]) in acs-4(lf) hermaphrodites. This transgene recovered oogenesis (49.8%, n = 193), 56% of which (27.9% of total) also recovered sperm production. In the acs-4(lf) animals where both sperm and oocytes are recovered by this transgene, ACS-4::GFP was mainly observed in the proximal arm of the germline (green dashed line), including the sperm and oocytes (100%, n = 65). Red dashed line outlines the germline region where the GFP signal was not visible.
(H) Microscopic images and bar graph showing overexpression of ACS-4::GFP and the oocyte-only phenotype in hermaphrodites. Strong expression of ACS-4::GFP in the germline was observed in $$8% of wild-type worms containing the same transgene as in (G) (n = 85), and all of them produced only oocytes. (I-K) Microscope images and bar graph showing that injection of exogenous myristoyl-CoA into the germline of acs-4(lf) recovered oogenesis (91%, n = 33 germline arms). Injection of C16:1n7-CoA (9.6%, n = 31), C18:1n7-CoA (12.9%, n = 23) or C18:1n9-CoA (7.3%, n = 28) did not show efficient rescue of oogenesis in acs-4(lf). Scale bar, 15 mm. Error bar, SD. (L) Yeast growth analysis indicates that C. elegans ACS-4 and ACS-17 activate myristic acid (C14:0). In yeast, FAA1 and FAA4 activate myristic acid to form myristoyl-CoA (C14-CoA) (Johnson et al., 1994) . Cerulenin (CER) inhibits de novo biosynthesis of FAs. ''*'' and ''L'' in the images indicate distal end and the loop of the germline, respectively. Scale bars, 15 mm.
To explore the roles of ACSs in the impact on germ cell fate by FA, we used RNAi or mutations to knock down each of the 22 genes encoding putative ACSs in C. elegans and found that loss-of-function (lf) of acs-4 suppressed oogenesis in tra-2(e2020) males recovered after starvation ( Figure 2B ). More strikingly, acs-4(lf) single-mutant hermaphrodites made neither oocytes nor sperm, and the majority of them produced excess arrested spermatocytes ( Figures 2C-2F ). Additionally, an early oocyte-specific marker, LIN-41::GFP (Spike et al., 2014), was not visible in acs-4(lf) germline ( Figure 2C ). These results indicate that the germline in well-fed acs-4(lf) hermaphrodites fails to switch from spermatogenesis to oogenesis and fails to complete spermatocyte division. Additional characterization of the nuclear morphology and marker expression of germ cells at different stages supported that the germline of acs-4(lf) fails to switch from spermatogenesis to oogenesis ( Figures S2A-S2K ). In addition, the smaller mitotic region of the acs-4(lf) germline ( Figure 2D ) suggests that acs-4 may also have a role in mitotic proliferation.
Since we observed that FA synthesis and mobilization in the somatic tissues are required to promote oocyte fate, and acs-4 has been found in lipid droplets in the intestine and skin (Vrablik et al., 2015) , we asked where ACS-4 acts to mediate the impact of fat metabolism in the intestine on germ cell fate. We first determined that acs-4 activity in the germline is essential for its function in driving oocyte fate ( Figures 2D-2F , S2L, and S2M). We then tested the sufficiency of acs-4 expression in the germline for this role by expressing a functional acs-4::GFP specifically in the germline (driven by the pie-1 promoter [Merritt et al., 2008] ). This transgene was sufficient to recover oocyte and sperm production in acs-4(lf) mutants ( Figure 2G ). Additionally, a small fraction of the transgenic worms displayed obvious overexpression of acs-4::gfp, and all of them produced only oocytes ( Figure 2H ). Thus, a high level of ACS-4 in the germline promotes oogenesis and inhibits spermatogenesis. Taken together, acs-4 acts in the germline to critically promote the spermatogenesisto-oogenesis switch, suggesting that free FAs produced in the soma, which can be transported between different cells/tissues (Hamilton and Kamp, 1999) , serve as substrates of germlineexpressed ACS-4 for the germ cell fate decision.
Given that ACS-4 is a putative acyl-coA synthetase, we hypothesized that deficiency of FA-CoA in the germline causes the oogenesis defect in acs-4(lf) (Figure 2A ). In C. elegans, spermatocytes and oocytes are generated from a common pool of germ-cell precursors, and the distal germline is a syncytium (Hubbard and Greenstein, 2005) . We directly injected commercially obtained FA-CoAs, which were significantly increased in the tra-2(e2020) males recovered from starvation ( Figure 1H ), into acs-4(lf) germline to test for rescue of oogenesis. Oocytes were recovered in more than 90% of the germline arms injected with myristoyl-CoA but not with the vehicle or the other FA-CoAs ( Figure 2I-2K ). Only one of the two gonad arms of each worm was injected, and the recovery of oogenesis was only observed in the arm injected with myristoyl-CoA, indicating that myristoylCoA supplementation is sufficient to rescue acs-4(lf) oogenesis defects and that FA-CoA only functions in local cells.
We next used a published yeast model (Johnson et al., 1994) to test the FA esterification activity of ACS-4 and found that acs-4 was able to complement the function of the yeast faa1 and faa4 in activating myristic acid (C14:0) ( Figure 2L ), indicating that the worm ACS-4 is capable of converting myristic acid to myristoyl-CoA. Together with the above injection data, myristoyl-CoA produced by ACS-4 in the germline critically promotes the oocyte fate in hermaphrodites.
ACS-4-Dependent Myristoylation in the Germline
Regulates Germ Cell Fate FA-CoAs made by ACSs have many different metabolic fates (Figure 2A ). To identify the fate of ACS-4-involved myristoylCoA for its role in germ cell fate, we first examined the relative levels of FA and found no obvious change in acs-4(lf) (Figure S3A ), suggesting that ACS-4 is not critical in overall FA biosynthesis and degradation. We then screened a collection of $400 lipid metabolism-related genes by RNAi for an effect on germ cell fate (Table S2 ) and observed roles only for enzymes involved in protein myristoylation (see below).
We then determined a role of ACS-4 in protein myristoylation by observing that the total abundance of myristoylated proteins were reduced in acs-4(lf) (Figures 3A and S3B) . Myristoylation is an essential modification needed for normal function of many proteins involved in various cellular processes (Johnson et al., 1994; Resh, 1994) . Myristoylated proteins were not totally missing in the acs-4(lf) mutant, which is consistent with the observation that acs-4(lf) causes sterility but not lethality and suggests other ACS enzymes may function redundantly with ACS-4 in somatic tissues for myristoylation. Thus we performed an RNAi enhancer screen and found that knockout of both acs-4 and acs-17 caused synthetic larval lethality ( Figure S3D ) as reported previously (Tischler et al., 2006) , and ACS-17 also activates myristic acid in yeast ( Figure 2L ). The abundance of myristoylated proteins in the acs-4(lf);acs-17(lf) double mutants was dramatically decreased ( Figure 3A) , indicating acs-4 and acs-17 are collectively essential for myristoylation. Given that the acs-17(lf) mutant is superficially wild-type and that the acs-4(lf) mutant displays a robust sterile phenotype, acs-4 is likely the major contributor of myristoylation in the germline. We tested this idea by examining myristoylation of the PPM-2 phosphatase that is expressed in the germline (http://nematode.lab.nig.ac.jp) and has been shown to be myristoylated for a role in neuronal development (Baker et al., 2014) . We constructed a germlinespecific ppm-2:gfp reporter and used a biochemical procedure to label and enrich for myristoylated PPM-2::GFP ( Figure S3C ). The level of myristoylated PPM-2::GFP was drastically lower in acs-4(lf) (Figure 3B ), confirming the requirement of ACS-4 in protein myristoylation in the germline.
We then asked if myristoylation mediates the role of ACS-4 on germ cell fate specification. The starter methionine of nascent proteins must be removed by methionine amino-peptidase before N-myristoyltransferase catalyzes the addition of myristoyl-CoA, produced by ACS, to protein. Germline-specific RNAi of the only putative N-myristoyltransferase gene, nmt-1, or one of the two methionine amino-peptidase genes, map-2, caused sterility in 57. 8% and 63 .9% of the animals, respectively. 100% of these sterile animals displayed no significant expression of LIN-41::GFP ( Figures 3C-3F ). Among these LIN-41::GFP-negative animals, 34.6% (nmt-1[RNAi]) and 16.4% (map-2[RNAi]) had complete germlines, indicating that the germline in these animals failed to commit to oocyte fate. The rest of the sterile animals showed defective germlines without obvious mitotic and meiotic zones (Table S3 ; Figures S3E and S3F ). Analyses using a sperm/spermatocyte-specific marker also showed that when treated with germline-specific nmt-1(RNAi) -4(lf);acs-17(lf) worms is prominently reduced. Myristoylated proteins were metabolically tagged by C14-Alk (a functional mimetic of myristic acid), then linked to biotin for detection by western blotting with streptavidin-HRP (see Figure S3B for detail). (B) Western blot and bar graph showing a dramatic decrease in PPM-2 myristoylation in the acs-4(lf) germline. Myristoylated proteins from animals containing an integrated and germline-expressing transgene (pie-1p::ppm-2::gfp::unc-54 3 0 UTR) were enriched as described in Figure S3C and then detected by western blotting with an anti-GFP antibody. Bands from anti-Actin were used for normalizing protein input.
(C-N) Microscopic images and bar graphs showing that the spermatogenesis-to-oogenesis switch is blocked when either nmt-1 or map-2 is knocked down specifically in the germline. In the three strains used, 57%-64% of animals treated with RNAi of these two genes were sterile (Table S3 ), indicating that RNAi was effective in these sterile animals. Only data regarding sterile animals with complete germline are presented. (C-F) Among sterile animals treated with either nmt-1(RNAi) or map-2(RNAi), 34.6% (n = 119, p < 0.001) and 16.4% (n = 161, p < 0.001) contained complete germline (with both mitotic and meiotic cells), respectively. 100% of these animals displayed no significant expression of LIN-41::GFP, marking oocyte-fated cells. The rest of sterile animals showed defective mitosis and meiosis of germline (Table S3) .
(G-J) Among sterile animals treated with either nmt-1(RNAi) or map-2(RNAi), 7.2% (n = 377, p < 0.005) and 9.8% (n = 357, p < 0.005) contained complete germline, respectively. 100% of these animals continuously expressed spe-11p::histone::mCherry, marking sperm/spermatocytes. ''Spermatocytes only'' indicates only arrested spermatocytes without the presence of oocytes and sperm, and ''Sperm only'' indicates both spermatocytes and sperm were observed, but no oocytes. More detailed statistic data are shown in Table S3 .
(K-N) Among sterile animals treated with nmt-1(RNAi) and map-2(RNAi), 7.2% (n = 420, p = 0.012) and 7.8% (n = 375, p < 0.005) contain complete germline, respectively. 100% of these animals displayed the nuclear morphology that is indicative of spermatogenesis. The rest of the sterile animals showed severe germline defects (without obvious mitosis and meiosis) (Figures S3E and S3F ; Table S3 ).
or map-2(RNAi), the germline displayed masculinization with continuous spermatogenesis ( Figures 3G-3N and S3G-S3J; Table S3 ), indicating myristoylation in the germline drives oocyte fate as acs-4 does. Additional tests confirmed that NMT-1 has N-myristoyltransferase activity and that myristoylation is essential for worm development ( Figures S3D and S3K ).
Responds to FA Level Change To further observe the role of myristoylation in nutrient-dependent germ cell fate determination, we tested the impact of perturbing FA metabolism on myristoylation in the tra-2(e2020) males where the germ cell fate is highly sensitive to nutrient changes (Figures 1 and S1A ). Compared to well-fed animals, myristoylation of PPM-2 in the germline, as well as overall myristoylation, was increased in the oocyte-producing tra-2(e2020) males recovered from starvation ( Figure 4A ), which had increased FA level ( Figure 1H ). This increase of PPM-2 myristoylation was suppressed by fasn-1(RNAi) or lipl-5(RNAi) ( Figure 4A ), both of which reduce free FA and suppress oocyte fate under the same condition ( Figures 1B and 1E ). Therefore, protein myristoylation in the germline responds to changes in cellular FA levels that impact germ cell fate. We then tested if protein myristoylation also responds to FA level change in wild-type worms. We observed that reducing free FAs by knocking down fasn-1 or lipl-5 caused a decrease in germline PPM-2 myristoylation as well as overall myristoylation ( Figure 4B ). When worms were supplemented with exogenous C14:0 free FA or a mix of 37 different FAs including C14:0, a significant increase in germline PPM-2 myristoylation was observed, but this increase was not seen in the worms supplemented with C16:0 free FA ( Figure 4C ). This increase in protein myristoylation was concentration-dependent ( Figure 4D ). In addition, a decreased sperm number was observed in the wild-type worms supplemented with a high level of the 37 FAs mix ( Figure S4A ), which corresponds to the highest level of PPM-2 myristoylation ( Figures 4C and 4D ). In these wild-type worms with less sperm, the germline size was not affected, and early oogenesis was observed ( Figure S4B ), suggesting that an earlier spermatogenesis-to-oogenesis switch was responsible for the reduced sperm number observed with the 37 FA supplementation. Consistent with the observation made in the tra-2(e2020) mutant males, these results support that protein myristoylation plays a critical role in mediating the impact of FA levels on germ cell fate specification.
ACS-4-Dependent Myristoylation Regulates Germ Cell Fate by Modulating the Sex-Determination Pathway
Since germ cell fate is specified by the germline sex-determination pathway (Ellis and Schedl, 2007) (Figure 5A ), acs-4 may regulate germ cell fate choice by altering the activity of this pathway. In the germline sex-determination pathway, tra-2 and tra-1 promote oocyte fate through repressing fem-1/2/3 and fog-1/3, respectively, each encoding a conserved protein ( Figure 5A ). We found that single lf mutations of any of fem-1/2/3 or fog-1/2/3 genes, or a gf allele of tra-2 could recover oocytes in 100% of the acs-4(lf) homozygous hermaphrodites . The recovered oocytes resulted in viable progeny when the hermaphrodites were crossed with wild-type males, further supporting that acs-4(lf) alters germ cell fate specification instead of structurally damaging the germ cells. These epistasis data suggest that acs-4 may act upstream or in parallel to the gene being tested. More direct evidence for acs-4 acting to modulate the activity of the sex-determination pathway came from the examination of the mRNA level of fog-3 and fog-1, two conserved genes that are transcriptionally repressed by TRA-1 to regulate germ cell fate (Chen and Ellis, 2000; Ellis and Schedl, 2007) (Figure 5A ). qPCR analysis showed that acs-4(lf) caused the same increase in fog-3 and fog-1 mRNA level as that observed in the positive control, mog-1(lf)( Figure 5C ). mog-1 acts to repress fem-3 expression, and mog-1(lf) causes the sperm-only phenotype ( Ellis and Schedl, 2007) . Moreover, the increase observed in the acs-4(lf) mutant was suppressed by the germline-specific expression of acs-4 ( Figure 5C ), indicating this increase of fog-3 and fog-1 mRNA was sufficient to cause the masculinization of the acs-4(lf) germline. These results demonstrate that acs-4 works through the germline sex-determination pathway. In addition, significant increase of fog-3 transcription was also observed in nmt-1(RNAi)-and map-2(RNAi)-treated animals that showed germline masculinization ( Figure S5I ), further supporting that ACS-4-dependent protein myristoylation drives oocyte fate via the germline sex-determination pathway.
Our further genetic analysis suggested that acs-4 likely acts in parallel to tra-2 to repress fem-3 to promote oocyte fate ( Figures  S5J-S5Q ). To confirm this notion, we examined the impact of acs-4(lf) on the expression of these two genes with single-copy (Ellis and Schedl, 2007; Snow et al., 2013; Starostina et al., 2007) . Genes/PROTEINS in red promote spermatogenesis. Genes/PROTEINS in green promote oogenesis. TF, transcription factor. Figures 5D and 5E ), but restricted to sperm in adult hermaphrodites ( Figures 5F and 5G ). In contrast, in acs-4(lf) homozygous adult hermaphrodites, FEM-3::GFP was detected in the meiotic region as observed in males ( Figures 5H-5J ). Such an increase in FEM-3 expression is expected to cause germline masculinization (Ahringer and Kimble, 1991; Zanetti et al., 2012) . Therefore, acs-4 mainly functions independently of tra-2 to repress the FEM-3 level in the germline sex-determination pathway, and an increased level of FEM-3 prevents oocyte fate in the acs-4(lf) mutants.
MPK-1 Mediates the Regulation of Sex Determination by
Myristoylation in Response to FA Level Change MAP kinase/MPK-1, previously shown to impact germline sex determination (Lee et al., 2007b; Morgan et al., 2010; Vaid et al., 2013) , could conceivably mediate a karyotype-independent impact on germline sex determination. We found that the active form of MPK-1 (dpMPK-1) is drastically increased in the region from the distal end to the turn of the germline in acs-4(lf) hermaphrodites ( Figures 6A and 6B ), including regions suggested to be critical for the sperm-oocyte decision (Zanetti et al., 2012) . Such an increase in dpMPK-1 level is expected to alter germ cell fate through its role on the sex-determination pathway (Lee et al., 2007b; Morgan et al., 2010; Vaid et al., 2013) . We thus inhibited MPK-1 by treatment with either an MEK-1/ MEK-2 inhibitor or mpk-1(RNAi) and found that oogenesis was significantly recovered and that ectopic spermatogenesis was suppressed in acs-4(lf) mutants ( Figures 6C-6G ). To show that ACS-4 acts upstream of MPK-1 to regulate FEM-3 expression, FEM-3::GFP level was scored when either mpk-1 (acting upstream of fem-3) or fog-3 (acting downstream of fem-3) was knocked down by RNAi in acs-4(lf) mutants. Accumulation of FEM-3::GFP was observed in the oocytes recovered by fog-3(RNAi) (Figures 6L, 6M , and 6P) but not in the oocytes recovered by mpk-1(RNAi) (Figures 6N-6P) . Therefore, in acs-4(lf) animals, mpk-1(RNAi) recovered oocytes by downregulating fem-3 expression, consistent with previously reported positive regulation of fem-3 expression by mpk-1 (Arur et al., 2011) .
We further tested the role of myristoylation in MPK-1 activity using the anti-dpMPK-1 antibody. The masculinized germlines of nmt-1(RNAi) and map-2(RNAi) displayed higher and ectopic activation of MPK-1, as observed in acs-4(lf) ( Figure S6 ). Therefore, germline ACS-4-dependent myristoylation represses fem-3 expression, at least in part, by repressing the activation of MPK-1. Furthermore, compared to well-fed tra-2(e2020) males producing only sperm, dpMPK-1 staining was decreased in the oocyte-producing tra-2(e2020) males recovered from starvation ( Figures 6Q and 6R ), which have increased FA level ( Figure 1H ). The dpMPK-1 level was recovered in oogenesis-suppressed tra-2(e2020) males when treated with fasn-1(RNAi) or lipl-5(RNAi) to reduce FA levels ( Figures 6S and 6T ). These results support that protein myristoylation and its regulated dpMPK-1 level impact germ cell fate by responding to FA level.
Activation of MPK-1 and the upstream Ras-Raf-Mek cascade are negatively regulated by phosphatases (Sundaram, 2013) . PPM-2 phosphatase is an excellent candidate for such a role as PPM-2 myrisoylation in the germline is not only positively regulated by ACS-4 but also prominently responsive to FA level in live animals ( Figures 3B and 4) . Moreover, we observed that the cellular distribution of PPM-2::GFP was significantly altered (forming puncta) in acs-4(lf) (Figures 6U-6W ), which is consistent with known roles of myristoylation in membrane targeting and In acs-4(lf) hermaphrodites, the dpMPK-1 level is dramatically increased from the distal end to the turn of germline (marked with dashed line) (81.25%, n = 16) (B), compared to lack of anti-dpMPK-1 staining in the same region in acs-4(lf/+) hermaphrodites (0%, n = 10) (A). (J and K) . Accumulated FEM-3::GFP signal is detected in the recovered oocytes in acs-4(lf) animals treated with fog-3(RNAi) (97%, n = 33) (L, M, and P). In contrast, the FEM-3::GFP is not observed in the rescued oocytes in acs-4(lf) animals treated with mpk-1(RNAi) (3.9%, n = 51) (N, O, and P). (Q-T) Microscopic images showing that MPK-1 activity responds to FA level change in starvation-experienced tra-2(e2020) males. dpMPK-1 staining around the transition-zone (dashed line) was observed in well-fed tra-2(e2020) males producing sperm (100%, n = 25) but undetectable in the oocyte-producing tra-2(e2020) males recovered from starvation (84.6%, n = 13). lipl-5(RNAi) (91.7%, n = 12) or fasn-1(RNAi) (93.8%, n = 16) recovered dpMPK-1 staining in the oogenesissuppressed worms (S-T). (U-W) PPM-2::GFP is mislocalized in acs-4(lf) germline. In acs-4(lf/+) control animals, the PPM-2::GFP (detected by immunostaining [red] ) showed the ''honeycomb'' pattern (100%, n = 40). Such a pattern was lost in acs-4(lf) animals (4%, n = 45). In addition, PPM-2::GFP protein were localized in puncta (white arrows) in 75% of the acs-4(lf) germline (n = 45). (X) Anti-dpMPK-1 antibody staining of dissected gonad arms showing that lip-1(lf);ppm-2(lf) double mutants with masculinized germline showed increased dpMPK-1 level from the distal end to the turn (dashed lines) (96%, n = 22), compared to the lip-1(lf) (10%, n = 10) or ppm-2(lf) (8%, n = 12) single mutants or wildtype (0%, n = 17). (Y) DAPI staining of dissected gonad arms showing that a small fraction of lip-1(lf);ppm-2(lf) double mutants (3%, n = 230) are masculinized in the germline compared to the lip-1(lf) (0%, n = 300) and ppm-2(lf) (0%, n = 421) single mutants. Sperm and spermatocytes (as labeled), but not oocytes, were observed in these lip-1(lf);ppm-2(lf) double mutants. Day 2 adults were scored.
protein-protein interaction (Kamps et al., 1986) . Therefore, acs-4-dependent PPM-2 myristoylation is required for proper subcellular localization of PPM-2, which may critically contribute to its activity in the germline.
The ppm-2(lf) single mutant caused neither an obvious germline masculinization nor drastic change in dpMPK-1 level ( Figures 6X and 6Y) . However, when ppm-2(lf) was combined with an lf mutation in lip-1, encoding a dual-specific phosphatase known to inhibit MPK-1 for germline sex determination (Berset et al., 2001; Morgan et al., 2010 ), the dpMPK-1 level was ectopically increased in the double-mutant hermaphrodites ( Figure 6X ). In addition, a low fraction of the double mutants continuously made sperm and spermatocytes ( Figure 6Y ). These results support that ppm-2 contributes to the repression of MPK-1 activation, and myristoylation of PPM-2 is likely involved in acs-4-mediated regulation of germ cell fate. The low penetrance of the phenotype suggests that other myristoylated proteins are involved in the precise regulation of MPK-1 level and subcellular localization for germ cell fate.
acs-4 Function in Germ Cell Fate Regulation Is Conserved in a Male/Female Species
To test whether the role of ACS-4-dependent myristoylation in the germ cell fate decision is conserved in non-hermaphrodite sexual animals, we knocked down acs-4 by RNAi in females of C. remanei, a male/female species. 100% of females treated with control RNAi generated only oocytes ( Figures 7A and 7B) . In contrast, 35.9% of females treated with acs-4(RNAi) made no oocytes. Among them, 42.9% of these treated females showed masculinized germline-producing sperm as observed in males ( Figures 7C-7F) , and the other 57.1% of treated females displayed severely defective germline development with very few germ cells ( Figures 7G and 7H) . These results support a conserved role of ACS-4 in promoting oocyte fate.
DISCUSSION
Our study reported here uncovers a mechanism by which the germ cell fate is critically regulated by FA metabolism through an impact of ACS-4-dependent myristoylation on proteins in the germline sex-determination pathway ( Figures 7I and S7A ). This FA-sensing mechanism translates nutrient availability into an instructive cue for germ cell fate. By this mechanism, animals would not generate oocytes and exhaust limited resources including lipids and thereby preserve the reproductive fitness of the mothers under restricted food/nutrient conditions. Given that many key elements are conserved in other animals, this mechanism may also be conserved.
Fat storage has been suggested to have evolved to be a critical reproductive adaptation in animals (Ballinger, 1977; Eliassen and Vahl, 1982; Reznick and Braun, 1987) , primarily due to the observation that organisms can transform different nutrients into a particular lipid form over extensive periods of time under well-fed conditions and the ability of fat reserves to provide energy and resources under food deprivation. This theory would predict a molecular pathway of which the activity would be the indicator of level of fat or fatty acids and would connect it to reproductive development. The results described in this study not only provide support for such an intriguing hypothesis but also include mechanistic detail of this regulatory process.
In our analysis, while we demonstrated that ACS-4-involved protein myristoylation responds to changes in FA levels in wildtype (N2) C. elegans, the germ cell fate response is far less sensitive than in the tra-2(e2020) mutant that sensitizes the sexdetermination pathway ( Figures S1, S4A, and S4B ). This may simply suggest that the physiological output of the sex-determination pathway is quite robust, being resistant to minor changes in FA levels and composition in wild-type animals. Alternatively, the germline sex-determination pathway may be less sensitive to changes in FA level in the commonly used N2 Bristol strain that has gone through extensive laboratory cultivation lacking natural selective pressure (Fé lix and Braendle, 2010; McGrath et al., 2011) . In addition, although we have shown that this FA response system is required to promote oocyte fate, there may be other non-karyotypic requirements, such as input from developmental progression.
Our results showed that the 37 FA mix that contains C14:0 FA is more efficient than C14:0 FA alone to alter the protein myristoylation state and germ cell fate ( Figures 4C and S4A) , implying that protein myristoylation may be affected by overall FA metabolism. While the detailed mechanism underlying the impact of the 37 FA mix on myristoylation is unclear, this result may be consistent with the idea that protein myristoylation senses the overall level of FAs, which may serve the organism effectively in evaluating nutrient levels and food quality for making the reproductive decision. Taken together, ACS-4-dependent protein myristoylation can sense the change in FA level to regulate germ cell fate.
There are other mechanisms involved in changes in reproductive development in response to food/nutrient shortage. For example, previous studies in C. elegans have revealed that starvation alters the germline stem-cell program and induces germline shrinkage (Seidel and Kimble, 2011) . The ACS-4-mediated FA-sensing mechanism described in this study might also contribute to this starvation-induced change since MPK-1 is known to have a repressive role in germline mitotic proliferation (Chi et al., 2016 ; Lee et al., 2007a). The insulin receptor and TORC1 pathways are also involved in regulating germline stem-cell maintenance and mitotic proliferation in response to food deprivation (Fukuyama et al., 2006; Korta et al., 2012; Michaelson et al., 2010) . Moreover, we recently showed that the Notch receptor GLP-1 plays a critical role in mediating an impact of pyrimidine deficiency on germline proliferation (Chi et al., 2016) . The mechanism uncovered here represents an important strategy for reproductive adaptation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Worm strains and maintenance
The acs-4 mutation used in this study, acs-4(ok2872), is a 335bp deletion allele with a 7bp insertion. This acs-4 mutant was outcrossed 5 times before the phenotypes were scored. The following strains were also used in this study: N2, acs-17 unc-119(tm4063) , VP303(rde-1(ne219);kbIs7), RT408 (unc-119(ed3); pwIs116), EG4883 (unc-119(ed3);oxIs318(spe-11p::mCherry::histone)) and DG3913(lin-
41(tn1541[GFP::tev::s::lin-41])).
The tra-1(e1781) mutant was provided by the Tim Schedl lab (Schedl et al., 1989 ) and the ppm-2(tm3480) mutant was from the Mitani lab (National Bioresource Project). All the other mutants were from the Caenorhabditis Genetics Center (CGC). All the C. elegans strains were maintained at 20 C unless otherwise indicated. Wild-type Rhabditis (Caenorhabditis) remanei ssp. remanei (SB146) was also used and maintained at 20 C.
Yeast strains and culture conditions
Previous studies reported that, in Saccharomyces cerevesiae, two ACS genes (FAA1 and FAA4) function redundantly to add CoA to free myristic acid; when the de novo FA synthesis pathway is blocked by a chemical inhibitor cerulenin, faa1Dfaa4D double mutants are lethal in YPD media supplemented with free myristic acid and the growth can be rescued by overexpression of either FAA1 or FAA4. The yeast strain YB525 (faa1Dfaa4D) and vector GPD-FAA4 were obtained from the Jeffrey Gordon lab (Washington University, St Louis). C. elegans acs-4, acs-17 and nmt-1 were sub-cloned into the GPD-FAA4 vector by replacing the FAA4 fragment with the worm cDNA fragments. The yeast cells were cultured following the published procedure (Johnson et al., 1994) . Briefly, faa1Dfaa4D double mutant yeast cells were transformed with empty vector, GPDp::FAA4, GPDp::acs-4 or GPDp::acs-17 and then plated on YPD media with or without 500 mM myristic acid (Sigma) and with 25 mM Cerulenin (CER) (Sigma). Yeast growth was assayed after incubating at 30 C for 48 hr. The YB336(nmt1-181) mutant yeast cells were transformed with empty vector or GPDp::nmt-1 and streaked onto YPD media for 72 hr at 37 C before scoring the growth.
METHOD DETAILS
RNAi by feeding, injection and soaking Part of mpk-1 coding sequence was amplified with primers 5 0 -TAGTGCGGCCGCATGCCAACGTGGATACCTAA-3 0 and 5 0 -GATTC TCGAGCTTTCTATGTCCTGAACGAG-3 0 and the mpk-1 RNAi vector was constructed by sub-cloning the mpk-1 coding fragment into the Not I and Xho I sites of plasmid pL4440 (Morgan et al., 2010 ). All other HT115 RNAi feeding strains were picked from the ORF RNAi library (GE Dharmacon) and MRC RNAi library (Source BioScience). dsRNAs were generated by using the MEGAscript T7 Kit (Life Technologies) to reverse transcribe the DNA templates that were PCR amplified from the RNAi E. coli strain. All RNAi experiments were performed as described previously (Ahringer, 2006) . Specifically, for feeding RNAi experiments, 3-5 L1s (P0) were placed onto the plates spotted with corresponding RNAi strain and the phenotype of the F1 adults were scored. The HT115 bacteria strain containing the pL4440-Dest vector was used as Mock RNAi for RNAi feeding experiments. For acs-4(germline RNAi), nmt-1(germline RNAi) and map-2(germline RNAi), dsRNA was injected into the gonad of young adult rrf-1(lf) mutants (Sijen et al., 2001) . The progeny produced 8 to 24 hr after the injections were scored for the masculinization of germline phenotype. For soaking RNAi, synchronized tra-2(e2020), tra-2(e2020,gf);rrf-1(lf) or tra-2(e2020); rde-1(ne219);kbIs7 L1 larvae grown for 24 hr were starved in soaking solution with or without dsRNA (0.5-2 mg/ml) for 24 hr. They were then recovered on food for 24 hr (except for fasn-1(RNAi) and pod-2(RNAi) treated animals that were recovered for 48 hr) before scoring the presence of oocytes in males by DIC microscopy or the dpMPK-1 antibody immunostaining. Only males with complete male tail were scored. Analysis of C. remanei with acs-4 RNAi Part of C. remanei acs-4 coding sequence was amplified with primers (Forward: TATCCTTCCTTTAAAGGTC; Reverse: CTTCTTTGTAGCTTTGCCAG) and subcloned into pL4440-Dest vector. The dsRNA was generated as described above and injected into the germline of mated females. The female progenies produced 8-24 hr after injection were picked and plated onto new plates to avoid mating. When reaching 1-day adult stage, these females were scored for production of sperm by observing cellular morphology and DAPI stained nuclei.
Construction of transgenes
For a transgene containing the full-length acs-4 genomic DNA, we amplified the DNA fragment containing the 3kb region upstream of the acs-4 coding sequence, acs-4 coding sequence and 3kb sequence downstream of acs-4 coding region with primers 5 0 -AGTCA GAGCTCGATAATGCAGGATTGCCTCCCGTTATTAT À3 0 (Sac I) and 5 0 -ATAGCAGTCGACATGAATGGAAGCAGAACTTGAACGAAC TGAAAG-3 0 (Sal I) and cloned into the pBlueScript II SK (+) vector. For the acs-4::gfp plasmid, we added the gfp coding sequence to the site before the stop code of the full length acs-4 genomic DNA. The gfp sequence was PCR amplified from the pPD95.77 vector (Addgene).
fem-3::gfp, tra-2::gfp and ppm-2::gfp DNA fragments were obtained from the David Zarkower lab (Berkseth et al., 2013) , the Ding Xue lab (Mapes et al., 2010) and the Brock Grill lab (Baker et al., 2014) , respectively. The fem-3::gfp and tra-2::gfp fragments were subcloned into plasmid PCFJ350 (Addgene). The ppm-2::gfp was cloned into PCFJ350 plasmid with the pie-1 promoter and unc-54 3 0 UTR. We also replaced the acs-4 promoter in the acs-4::gfp plasmid with the pie-1 promoter and then subcloned the pie-1p::acs-4::gfp::acs-4 3 0 UTR fragment into the PCFJ350 vector. Via the CRISPR-Cas9 system (Dickinson et al., 2013) , we used these four different PCFJ350-based plasmids with the fem-3::gfp, acs-4::gfp, tra-2::gfp and ppm-2::gfp fragment to generate four single copy integrated transgenes: kuIs101(fem-3P::fem-3::gfp::fem-3 3UTR), kuIs105(pie-1P::acs-4::gfp::acs-4 3 0 UTR), kuIs106(tra-2P::tra-2::gfp::tra-2 3 0 UTR) and kuIs107(pie-1P::ppm-2::gfp::unc-54 3 0 UTR). All four transgenes were generated by targeting the ttTi5605 MosI site on Chromosome II.
Germline masculinization Characterization
To assay the presence of oocytes and germline masculinization in well-fed worms, one-day-old adults (68 hr post-hatching) were scored under a Nomarski microscope. The oocytes were distinguished either by morphology or by the presence of the oocyte-specific markers (RME-2::GFP and LIN-41::GFP) ( Grant and Hirsh, 1999; Spike et al., 2014) . Sperm and spermatocytes were distinguished by cellular morphology, DAPI-stained nuclei and/or expression of the spe-11p::mCherry::histone reporter (Merritt et al., 2008) . Since spermatogenesis cannot occur in wild-type adult hermaphrodites, germline masculinization in this study was defined by the occurrence of spermatocytes at the adult stage in hermaphrodites or by the production of excess spermatocytes/sperm. Spermatogenesis in mid-late L4 stage worms was observed to exclude that the spermatogenesis is delayed in these animals. Hermaphrodites were examined again one day after the initial examination of oocyte absence to exclude the possibility that oogenesis was delayed or spermatogenesis was slowed down. The spermatocyte number was calculated by dividing 4 with the sperm number scored in the wild-type animals.
Analysis of larval lethality
The rrf-3(lf) mutant, providing a RNAi sensitized background, was used for executing nmt-1(RNAi), . Briefly, L1 stage rrf-3(lf) mutants were grown on plates with indicated RNAi treatments to adults and 20 of these adult worms were transferred to new plates with corresponding RNAi bacteria. After laying eggs for 3 hr, the mothers were removed and the eggs were allowed to hatch and grow for another 68 hr before scoring the lethality. To study the roles of acs-4 and acs-17 in larval growth, we first constructed the acs-4(lf)/ HT2; ;fog-1(lf) hermaphrodites that produced oocytes were crossed with acs-4(lf)/HT2;acs-17(lf) males to eliminate the maternal ACS-4. progeny were scored for the larval lethality phenotype.
Analysis of lip-1(lf);ppm-2(lf) mutant The lip-1(lf), ppm-2(lf) and lip-1(lf);ppm-2(lf) animals were synchronized at L1 stage by starving eggs in a standard isotonic buffer (M9) for 48 hr. The synchronized worms were grown on NGM+OP50 plates for 90 hr to reach the day-2 adult stage, and then scored for the germline masculinization phenotype. Germline masculinization was characterized by observing the absence of oocytes but the presence of sperm and/or spermatocytes, as determined by DAPI staining.
DAPI staining
On depression slides, worms were washed 3 times with M9, then incubated in methanol at À20 C for 4 min. After the methanol was carefully removed, the worms were washed again with M9 (3 times). The residual M9 was removed and the worms were covered with 5-10 mL DAPI solution (Millipore) for 15-30 min at 4 C, then imaged under Nomarski optics (Zeiss Axioplan2).
Antibody staining
The antibody staining protocol was adapted from a published procedure (Lee et al., 2007b) . Briefly, dissected gonad arms with indicated genotypes and treatment were fixed in 3% formaldehyde with 6 mM K2HPO4 (pH 7.2) and 75% methanol for 10 min at À20 C. Then the fixed gonads were rinsed three times in PBS and blocked in PBS containing 0.5% for 1 hr at room temperature. The primary antibody anti-Diphosphorylated ERK-1&2 (Sigma, M9692), diluted at 1:200, and the secondary antibody Anti-Mouse IgG H&L (DyLight 550) (Abcam, ab96872), diluted at 1:500, were used for detecting the dpMPK-1 level in worms. The primary anti-GFP antibody (ABcam, ab6556), diluted at 1:500, and the secondary Anti-Rabbit antibody (Alexa Fluor 568) (Invitrogen, A11011) diluted at 1:400 were used for detecting the PPM-2::GFP in the germline. Nomarski optics (Zeiss Axioplan2) was used for imaging.
qPCR analysis mRNA was extracted from 1-day-old adults with indicated genotypes and phenotypes. Prior to mRNA extraction, the acs-4(lf) mutant, nmt-1(RNAi) or map-2(RNAi) treated worms were examined by DIC microscopy to observe germline masculinization. The acs-4(lf);kuIs105 worms with only oocytes were used for mRNA extraction. The fog-3 qPCR primers and the RT-PCR procedures were described previously (Chen and Ellis, 2000) . Primers for fog-1 qPCR are listed below: 5 0 -ACTGAACCGGTCCGAATGAA-3 0 and 5 0 -TGGGTCCCGAATGGAGTTTG-3 0 . The cDNA were also tested to exclude any genomic DNA contamination before performing the qPCR analysis using Stratagene Mx3005P (Agilent). rpl-26, encoding a large ribosomal subunit L26 protein, was used as the internal control (Cui et al., 2006) .
U0126 treatment
The method for treating animals with U0126 was modified from a previous publication (Morgan et al., 2010) . Briefly, the acs-4(lf) mutant worms were synchronized in M9 for 16 hr after bleaching. The L1 stage acs-4(lf) animals were plated onto NGM plates with OP50 food and grown for 58-68 hr. These adult stage acs-4(lf) worms were transferred to S-medium supplemented with OP50 food and 40 mM U0126 (or DMSO solvent alone) in a 96-well plate and grown for 24 hr. The animals were then collected, plated onto NGM+OP50 plates and grown for another 24 hr before the presence of oocytes was scored.
Fatty acyl-CoA injection
Myristoyl coenzyme A lithium salt (C14-CoA, Sigma), palmitoleoyl-CoA (C16:1n7-CoA, Sigma), 11Z-octadecenoyl-CoA (C18:1n7-CoA, Avanti Polar Lipids) and oleoyl-CoA (C18:1n9-CoA, Sigma) were dissolved in PBS to a final concentration of 5mg/mL. PBS was used as a negative control. acs-4(ok2872) homozygous young adults were picked for gonad injection. Fatty acyl-CoA or PBS was injected into only one of the two germline arms, following the same procedure used for DNA injection to generate transgenes (Evans, 2006) . The presence of oocytes was assayed two days later.
Detecting the overall myristoylated proteins
The protocol for detecting the abundance of myritoylated proteins was modified from methods using in mammalian cells (Hannoush, 2012) . Worms with indicated genotypes were synchronized at L1 stage and then grown on food for 24 hr before transferred to a liquid culture containing S-medium, OP50 food, and either ethanol or 60 mM myristic acid alkyne (Cayman Chemical). After growing in this liquid for another 36 hr, 600 animals of each genotype at early-mid L4 stage were collected and subjected to freeze/thaw 5 times before adding lysis buffer (50 mM HCL-Tris pH 8.0, 0.5% SDS, 0.5% CHAPS, 150 mM NaCl and protease inhibitor). The worms were vortexed in 60 mL lysis buffer for 30 min and then centrifuged at 16,000 g for 5 min. 50 mL of the supernatant was transferred to a new tube for the subsequent Click Chemistry reaction. The click reaction kit was purchased from Click Chemistry Tools (#1001) and the Biotin azide (PEG4 carboxamide-6-azidohexanyl biotin) was from Invitrogen. The click reaction was executed by adding the reducing agent, Cu-chelating agent and Copper Sulfate to the worm lysate. The reaction was protected from light and the click reaction was incubated for 3 hr at room temperature. The myristoylated proteins were labeled by biotin after the reaction. The proteins were precipitated by methanol/chloroform as described in the kit. The precipitated proteins were solubilized in SDS-loading buffer, followed by SDS-PAGE electrophoresis and western blotting. Streptavidin-HRP (CST, #3999) was used for detecting biotin-labeled proteins.
Analysis of PPM-2 myristoylation
Worms with indicated genotypes were treated with myristic acid alkyne and lysed as described above. Before the click reaction, a fraction of worm lysate was analyzed by anti-actin antibody to determine the input amount. The other fraction of worm lysate was used for the following click reaction with Dde Azide-agarose resin (Click Chemistry Tools, #1153). After the reaction, myristoylated proteins were covalently linked with the agarose resin, followed by rigorous washing to remove non-specifically bound proteins. The myristoylated proteins were then released from the agarose resin by incubating in 2% hydrazine solution. The released proteins were run on SDS-PAGE and probed by an anti-GFP antibody (Clotech, JL-8) to determine the abundance of PPM-2::GFP in the myristoylated proteins by western blotting.
Myristoylation analysis with FA supplement
Wild-type N2 animals were used for analysis of all myristoylated proteins and kuIs107 was used for PPM-2 myristoylation state analysis. The indicated FA or hexane was supplemented on the surface of the plates by covering the UV-killed OP50 bacteria. The 37 FA mix contains 37 different FAs including C14:0 FA (Cat #CRM47885, Sigma). Two mg of FA was used for each supplementation. Synchronized L1 worms were plated and grown for 36 hr on these plates, before these animals were collected and grown in liquid culture supplemented with either ethanol or 60 mM C14-Alkyne for 24 hr. The treated-wild-type animals were subjected to all myristoylated proteins analyses as described above. The treated-animals with ppm-2::gfp transgene were subjected to enrichment of myristoylated proteins for the analysis of PPM-2 myrsitoylation state..
Myristoylation analysis with RNAi treatment
Synchronized tra-2(e2020); kuIs107 L1 males were grown on plates with OP50 bacteria food for 24 hr and then starved in soaking solution with or without indicated dsRNA for another 24 hr. These starved animals were regrown in liquid culture with food and either ethanol or 60 mM C14-Alkyne for 36 hr. The males were then collected and subjected to analyses of all proteins myristoylation or only PPM-2 myristoylation as described above. For well-fed control, the worms were grown on plates for 24 hr before transferred for liquid culture supplemented with either ethanol or 60 mM C14-Alkyne for 36 hr.
Wild-type worms with kuIs107(ppm-2::gfp) transgene were synchronized at L1 stage and soaked in solution with or without indicated dsRNA for 24 hr. These RNAi-treated animals were grown on OP50 plates for 24 hr before being transferred to liquid culture with either ethanol or 60 mM C14-Alkyne for 36 hr. Worms were then collected and subjected to analysis of all proteins myristoylation or only PPM-2 myristoylation as described above. FAME analysis by gas chromatography (GC) Animals with the desired genotype and treatment were collected and rinsed three times with M9, then incubated in M9 for 30 min to remove undigested bacteria. Fatty acid methyl esters were then extracted and analyzed by GC as described previously (Kniazeva et al., 2008) . For tra-2(e2020) mutant, 125 males with each indicated treatment were collected for GC analysis.
Oil-Red-O staining method Animals with the desired genotypes and treatment were collected, washed 3 times in M9, then incubated in M9 for 30 min to remove bacteria. Oil-Red-O staining was carried out as described previously (O'Rourke et al., 2009 ). Animals were mounted and imaged with a DIC microscope. The original images taken with GFP channel were used to measure the intensity of Oil-Red-O staining by ImageJ software (Mehlem et al., 2013) .
QUANTIFICATION AND STATISTICAL ANALYSIS Quantification
ImageJ software was used for quantifying western blots and Oil-Red-O staining images. For Oil-Red-O staining, the original images taken with GFP channel were used to measure the intensity. The value of staining intensity was determined by subtracting the background intensity from the Oil-Red-O stained intestine. The intestinal cells right behind the pharynx of the animals were analyzed.
Fatty acids analyzed by GC were quantified by calculating the size of the peak area of corresponding fatty acid using Agilent Chemistation software. Specifically, the quantitative results were generated from the software by selecting the following options: calculate by ''percent,'' base on ''Area'' and sort by ''Signal. '' qPCR results were analyzed with DDCT method, which were normalized to the value of both control samples and the internal control primers.
For fluorescent reporters, number of worms with or without fluorescence was quantified.
Statistical Analysis
To reduce bias, information of treatments and genotypes were masked before analyzing the samples. Samples analyzed with a compound microscope were randomized by preparing samples under a dissection microscope. In Figure 2F and Figure S4A , Mann-Whitney test was used for statistical analysis. The bar indicates the median value and P value was < 0.001. All the other analyses of statistical significances were calculated by a standard t test. The data were considered to be significant when p < 0.05. The mean ± SD, the exact value and definition of ''n'' numbers are reported in figures, figure legends or Method Details. ''n'' number is defined by number of worms or germline arms analyzed. Bar graphs were shown with Mean ± SD of three independent biological replicates, except that the statistics in Figure 1H were from two different biological replicates. (Ellis and Schedl, 2007) . High levels of TRA-2 and TRA-1 promote oogenesis, while high levels of the genes/PROTEINS in red inhibit oogenesis. The tra-2(e2020,gf) allele causes constitutively high expression of TRA-2. In tra-2(gf) XX animals, the combination of no HER-1 expression and tra-2(gf) render TRA-2 activity even higher than that in wild-type XX animals, which results in the oogenesis-only (female) phenotype in hermaphrodites (Doniach, 1986) . In tra-2(gf) XO males, the combination of high expression of her-1 and the tra-2(gf) allele causes the TRA-2 activity to be higher than that in wild-type XO males, but most likely lower than wild-type XX animals, given that these males still make sperm. Such a ''medium'' level of TRA-2 and all its downstream genes render tra-2(gf) males more sensitive to alterations of the pathway activity for a spermatogenesisto-oogenesis switch. For example, a slight reduction of the FEM activity may lead to abnormal oogenesis in tra-2(gf) males. Indeed, we observed oogenesis in tra-2(gf) males that had experienced starvation and were then re-fed ( Figure 1A and Table S1 ). tra-2 encodes a transmembrane receptor in the sex-determination pathway. In well-fed conditions, a tra-2 gain-of-function (gf) mutation, e2020, causes feminization of the germline (Fog, oogenesis only) in XX hermaphrodites and older XO male adults (Doniach, 1986) , but not in younger XO male adults. However, when tra-2(e2020, gf) males were starved for a period of time and then re-fed, the younger XO male adults made oocytes (Doniach, 1986) [Figure 1A and 1G;  Table S1 ], which indicates the impact of nutrient availability on germline sex. Therefore, tra-2(e2020, gf) males is a sensitized condition for analyzing the impact of nutrient availability on the germ cell fate]. (B) Representative gas chromatographs of fatty acids (FAs) extracted from an equal number of tra-2(e2020, gf) males with indicated treatment. Stars indicate the FAs that were significantly increased in oocyte-making males. The quantified data are shown in Figure 1H . (C-E) Microscopic images and bar graph showing Oil-Red-O stained lipid droplets in tra-2(e2020) males with indicated treatment and genotypes. The tra-2(e2020) males with the starvation experience in (D) had higher intestinal Oil-Red-O staining than in well-fed tra-2(e2020) males (C) (well-fed, n = 17; recovered after starvation, n = 11). The same batch of males shown in (C and D) were also analyzed by GC ( Figure 1H and acs-17 are functionally redundant for larval growth, and that myristoylation is also essential for larval development. nmt-1(RNAi) (36.6%, n = 287) or map-1(RNAi);map-2(RNAi)(19.5%, n = 348) cause lethality at larval stages. acs-4(lf);acs-17(lf) double mutants also showed complete larval lethality (100%, n = 56). Although feeding RNAi was done in rrf-3(lf) background that sensitizes RNAi, RNAi is expected to only partially reduce the activity of the genes tested. (E-J) Micrographs of hermaphrodite germlines after treatment with either nmt-1(RNAi) or map-2(RNAi). RNAi was performed in rrf-1(lf) mutants to specifically knock down gene expression in the germline. (E and F) DAPI-stained germline showing that nmt-1(RNAi) or map-2(RNAi) cause severe germline defects in 52.1% (n = 420) and 49.3% (n = 375) of hermaphrodites, respectively. These defective germline arms have no obvious meiotic zone and very few germ cells with enlarged nuclei. This observation suggests that myristoylation plays additional roles in regulating germline proliferation and entry into meiosis. Lack of such earlier defects in acs-4(lf) worms may be due to the redundant activity provided by other ACSs, such ACS-17. (G-J) Hermaphrodites with nmt-1 or map-2 knocked down in the germline failed to switch from spermatogenesis to oogenesis. DAPI-stained germline arms from animals treated with nmt-1(RNAi) (G) (4.3%, n = 420), or map-2(RNAi) (H) (4.3%, n = 375) continuously produce both sperm and spermatocytes but not oocytes. DIC images indicate sperm but not oocytes are made in nmt-1(RNAi) animals (I) (20%, n = 119) or map-2(RNAi) animals (J) (10.5%, n = 161). In the masculinized germline, more than 30% made arrested spermatocytes and failed to complete division to form sperm, as observed in acs-4(germline-RNAi) (Figures 3K-3N ; Table S3 ). Thus, germline-expressed NMT-1 and MAP-2 drive oocyte-fate, as acs-4 does. Red arrowheads indicate arrested spermatocytes. (K) Growth analysis of indicated yeast strains showing that worm nmt-1 has myristoylation transferase activity. YB336(nmt1-118), transformed with empty vector or wild-type worm nmt-1, were streaked onto the YPD plate, incubated at 37 degrees for 3 days, and analyzed for growth. YB336(nmt1-118) with empty vector is lethal. Growth is seen for the YB336(nmt1-118)+nmt-1 condition, indicating that the worm nmt-1 gene can complement yeast nmt1 to recover the growth. The sperm number was significantly decreased with 2mg supplementation of 37 FA mix that also caused the most prominent increase in myristoylation level (Figure 4C) . No significant difference in sperm number was observed with the supplementation of 2 mg of C14:0 FA, 2mg of C16:0 FA, 0.5 mg of the 37 FA mix or 1mg of the 37 FA mix. (B) DIC image showing the impact of supplementation of 2mg of 37 FA mix on germline development. When compared to the hexane control (n = 22), the germline size was not obviously affected in the worms treated with 2mg of 37 FA mix (100%, n = 9). However, oogenesis occurred earlier in the worms with supplementation of 2mg of the 37 FA mix (88.9%, n = 9), compared to animals treated with hexane control (0%, n = 22). This result suggests that the decreased number of sperm in the worms treated with 2 mg of the 37 FA mix was caused by an early switch from spermatogenesis-to-oogenesis instead of a defective germline. Worms were grown for 56 hr post-hatch before score. Dash lines outline the germline. 
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